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The ability to track the temporal struc-
ture of events in a dynamic environment 
is crucial to cognition and action alike. In 
order to guide timely reactive and proactive 
behavior the individual has to draw upon 
some internal representation of temporal 
relations or temporal structure. Here an 
event may be defined as a perceived change 
in the formal structure of the environment, 
i.e., the identity (“what”) or the position 
(“where”) of an object. In turn, the tempo-
ral relation between events may be defined 
as the temporal structure (“when”) of the 
environment.
Temporal structure develops on different 
timescales (Buonomano, 2007). For exam-
ple, starting and stopping to walk from 
one position to another marks events with 
a certain temporal relation, typically in the 
seconds-to-minutes range. Yet, contact of 
a foot with the surface establishes another 
kind of event, with successive steps mark-
ing temporal structure in the milliseconds 
range. Such marking of the beginning and 
the end of an action sequence is represented 
in prefrontal and supplementary motor cor-
tices (Fujii and Graybiel, 2003; Shima and 
Tanji, 2006). However, the question arises 
as to whether the perception and produc-
tion of the corresponding temporal struc-
ture in the milliseconds-to-seconds range is 
intrinsic or whether it is based on an explicit 
representation generated by a dedicated 
temporal processing system (Karmarkar 
and Buonomano, 2007; Ivry and Schlerf, 
2008; Spencer et al., 2009). Compelling 
evidence suggests that temporal process-
ing, i.e., the neural mechanisms that engage 
in encoding, decoding, and evaluating of 
temporal structure, relies on brain regions 
involved in action control: the cerebellum, 
the basal ganglia, and the supplementary 
motor area (SMA; for a review see Coull 
et al., 2011).
However, a high-level function such as 
action control incorporates various lower-
level processes. This becomes apparent if 
one considers the role of the SMA in action 
control. Located bilaterally in Brodmann 
area 6 of the medial frontal lobe, the SMA 
has traditionally been linked to the plan-
ning and the preparation of future, sequen-
tial, and rhythmic performance, as well as 
to the initiation, inhibition, preservation, 
and repetition of action (Brickner, 1939; 
Penfield, 1950; Goldberg, 1985; Tanji, 1996). 
Crucially, SMA lesions affect non-verbal 
and verbal behavior. They may result in 
the inability to speak, stuttering, hesitations, 
“slowliness,” the prolonging of sounds, and 
persistent dysfluency, phenomena, which 
impact the continuous flow or pacing, i.e., 
the rate and rhythm of speech (Jonas, 1981; 
Ziegler et al., 1997). These phenomena cor-
roborate a role of the SMA in controlling 
temporal relations in action, but leave open 
whether temporal processing is intrinsic or 
explicitly dedicated. However, evidence for 
a dedicated temporal processing system 
comes from studies, which confirm a role 
of the SMA not only in the production, but 
also in the perception of temporal structure 
(Macar et al., 2002; Ferrandez et al., 2003; 
Coull et al., 2004).
The SMA, or more specifically, the SMA 
and its striato-thalamic connections, is a 
candidate neural substrate for a “tempo-
ral accumulator” engaged in the encoding 
of temporal structure (Akkal et al., 2004; 
Pouthas et al., 2005; Macar et al., 2006; 
Casini and Vidal, 2011). Furthermore, 
considering a structural differentia-
tion of the SMA into a rostral pre-SMA 
and a more caudal SMA-proper (Picard 
and Strick, 2001), it has been suggested 
that pre-SMA is essential for attention-
dependent quantification (Coull et al., 
2004; Macar et al., 2004) or “tagging” of 
temporal structure (Pastor et al., 2006). 
Such functional specification based on 
structural differentiation may reflect an 
interaction within a distributed temporal 
processing network, which is determined 
by unique connections from the pre-SMA 
and the SMA-proper to other cortical and 
subcortical regions (Johansen-Berg et al., 
2004; Akkal et al., 2007).
Among others, connections from the 
pre-SMA target the prefrontal cortex, while 
connections from the SMA-proper target 
motor and pre-motor cortices (Johansen-
Berg et al., 2004). However, the thalamus 
connects both pre-SMA and SMA-proper to 
essential nodes within a dedicated temporal 
processing network, namely the cerebellum 
and the basal ganglia. Connections from 
both SMA subareas to the basal ganglia 
maintain a rostro-caudal gradient in their 
structural and functional organization and 
establish a cortico-striato-thalamo-corti-
cal looped system (Johansen-Berg et al., 
2004; Draganski et al., 2008). Connections 
between the pre-SMA and the cerebellum 
originate in the non-motor part of the cer-
ebellar dentate nucleus, whereas connec-
tions to the SMA-proper originate in its 
motor part (Dum and Strick, 2003; Akkal 
et al., 2007).
In general, the SMA receives more input 
from the basal ganglia than from the cer-
ebellum (Akkal et al., 2007). Next to direct 
subcortico-subcortical connections (Hoshi 
et al., 2005; Bostan and Strick, 2010; Bostan 
et al., 2010), this structural embedding of 
the pre-SMA and the SMA-proper into sub-
cortico-thalamo-cortical processing streams 
instantiates interaction between the cerebel-
lum and the basal ganglia in temporal pro-
cessing (Schwartze et al., in press). Note, that 
the role of the thalamus as a mere relay sta-
tion is therefore simply underspecified (see 
Sherman, 2007). Rather, the thalamus should 
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If, for example, changes in the environ-
ment require the adaptation of an action 
sequence (i.e., walking on uneven ground) 
such adaptation necessitates proactive and 
reactive adjustments – processes, which in 
turn benefit from a precise representation of 
temporal structure. Consequently, impre-
cise temporal processing may affect both 
cognitive and motor behavior. Hence, the 
proposed network has major implications 
for the modeling of basal ganglia dysfunc-
tions (i.e., motor and cognitive) as exempli-
fied in Parkinson’s disease (PD).
Parkinson’s disease is but one of several 
pathologies associated with impaired tem-
poral processing (for a review see Allman 
and Meck, 2011). Early on PD has been 
linked to temporal processing deficits both 
in production and perception (Pastor et al., 
1992; O’Boyle et al., 1996; Harrington et al., 
1998). More recent data suggest that such 
deficits are rather diverse and may be more 
pronounced in the suprasecond than the 
subsecond range (Smith et al., 2007; Koch 
et al., 2008, but see Jahanshahi et al., 2006), 
and probably reflect different PD subgroups 
(Merchant et al., 2008). These studies allow 
drawing conclusions about the involvement 
of the basal ganglia in temporal processing 
based on the known neuropathology of PD. 
However, it is evident that the basal ganglia 
are not the only brain region that engages in 
temporal processing and is affected by PD. 
Combined activation of the basal ganglia 
and the SMA is a common observation in 
temporal processing (e.g., Ferrandez et al., 
2003; Pouthas et al., 2005; Jahanshahi et al., 
2006; Stevens et al., 2007). This emphasizes 
that the basal ganglia and the SMA contrib-
ute to the pathogenesis of PD. Thus, if the 
basal ganglia and SMA are considered as 
nodes within a dedicated temporal pro-
cessing network spanning both perception 
and production, the question arises as to 
whether connections originating in, and tar-
geting the SMA are at the core of impaired 
temporal processing in PD. However, PD 
is a progressive disease and different stages 
of the disease may be reflected in dynamic 
changes in the network. For example, a 
selective loss of pyramidal neurons in the 
pre-SMA in PD may cause underactivity 
in this region (MacDonald and Halliday, 
2002), which, in turn, may result in erratic 
temporal processing. In contrast, stronger 
activation of the pre-SMA in action 
hand, in perception the pre-SMA plays a 
pivotal role in the allocation of attention 
in time and in the encoding of temporal 
relations conveyed in a sequence of events. 
On the other hand, in production, the 
SMA-proper engages in the correspond-
ing implementation of sequential action. 
Crucially, the SMA-proper integrates 
information regarding the temporal rela-
tion between successive actions provided 
by the pre-SMA and the basal ganglia. In 
other words, the function of the pre-SMA 
relates to the explicit encoding of temporal 
structure in perception and production, 
while the SMA-proper uses this informa-
tion to implement a sequential action. This 
account of pre-SMA function is compat-
ible with, and extends the dual role of the 
pre-SMA in the planning and the acquisi-
be considered a key structure in modeling the 
neural basis of temporal processing. Thalamic 
neurons convey information to cortical tar-
gets in either a tonic or a burst firing mode 
(Sherman and Guillery, 2002). The tonic fir-
ing mode preserves input linearity, whereas 
the burst firing mode affords better input 
detectability. The burst firing mode is thus 
ideally suited to signal changes in the environ-
ment to cortical targets by means of stronger 
cortical excitation (Sherman, 2001). These 
firing mode characteristics not only support 
the linking of several nodes, but also allow 
speculating about their impact on functional 
interactions within such a dedicated temporal 
processing network (Figure 1).
In this network pre-SMA and SMA-
proper engage in different but related 
aspects of temporal processing. On the one 
FIgure 1 | A dedicated temporal processing network. In perception, detailed information regarding the 
formal structure of an object (O1) reaches the thalamus. This information is then transmitted in a linear, 
faithful fashion by means of thalamic tonic and burst firing (Sherman, 2001) to sensory cortices (not in 
view) in order to establish as well as to access a memory representation of an object. In parallel, less 
detailed information reaches the cerebellum. Here a salient change in the formal structure of an object is 
encoded as an event. A sequence of objects (On) may give rise to a precise event-based representation of 
temporal structure. Such event-based representation implicitly encodes the temporal relation between 
events. Potentially amplified via thalamic burst firing, events may provide attractors to adaptive cortical 
oscillations implicated in dynamic attending. Attention oscillations may generate an “expectancy scheme” 
via entrainment to different hierarchical levels of temporal structure (Large and Jones, 1999; Drake et al., 
2000). Alternatively or additionally, events may activate ensembles of non-adaptive cortical oscillations, 
which, according to the influential striatal-beat-frequency model, provide a unique pattern of input to the 
basal ganglia (Matell and Meck, 2004). These oscillations serve interval-based temporal processing and, by 
additional recruitment of working memory, the subsequent evaluation of temporal structure. Both kinds of 
oscillations may reflect the combined effort of the pre-SMA and the prefrontal cortex (PFC), as well as the 
associated striato-thalamo-cortical loops to “tag” the temporal structure of the sequence. In production, 
the intention to act (PFC) draws upon the pre-SMA and its connections to the basal ganglia to initiate action 
and to define the temporal structure of a sequence of actions, i.e., the pre-SMA is recruited to temporally 
structure forthcoming motor behavior (Mita et al., 2009). The actual implementation of action (dotted line) 
recruits the SMA-proper and pre-motor/primary motor cortices (PMC/M1). Via its connections to the 
SMA-proper, the cerebellum may engage in the temporal fine-tuning of actions. In turn, each action 
constitutes an object in the environment. A sequence of actions (On) generates changes in the formal 
structure of the environment and establishes a sensorimotor processing cycle.
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